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Farmington, ConnecticutABSTRACT Progress in uncovering the reaction networks that underlie important cell functions is laying the groundwork for
quantitative identiﬁcation of protein-interaction pathways. Since direct measurement of rate constants is not always feasible,
the parameters are often inferred from multiple pieces of data using kinetic analyses based on appropriate mathematical models.
The success of this approach relies on the sufﬁciency of available experimental data for a unique parameterization of the
network. The concept of a rate-limiting step is applied to the analysis of experimental data that are usually used to quantify
a pathway of actin dendritic nucleation, the Arp2/3-mediated mechanism that enables rapid changes of cell shape in response
to external cues. The method yields analytical descriptions of the dynamics of polymerized actin and provides insights into how
the experimental curves should be analyzed. It is shown that dynamics measured by pyrene-labeled actin assays with varying
Arp2/3 concentrations are equally well described by two different rate-limiting steps: 1), binding of a nucleating complex to the
side of a preexisting ﬁlament; or 2), its subsequent activation. To distinguish between the alternatives, we propose experiments
with varying concentrations of actin monomers, taking advantage of the fact that the number of branches in the two cases
depends differently on the initial monomer concentration. The idea is tested by simulating the proposed experiments with the
use of spatial stochastic modeling.INTRODUCTIONA cell’s ability to dynamically change its shape and migrate
in response to chemical signals often relies on rapid remod-
eling of the actin cytoskeleton near the cell membrane (1–3).
Similar mechanisms are initiated by some pathogens to
rapidly polymerize the actin comet tails that propel them
inside a host cell (4). The steep kinetics of the induced actin
polymerization is indicative of the autocatalytic nature of the
underlying processes. One such mechanism is actin dendritic
nucleation mediated by actin-related protein 2/3 (Arp2/3)
(5,6). Although several proteins are able to nucleate actin
filaments, Arp2/3 is unique in that it anchors a new actin
branch to the side of a preexisting filament (6–9). The rate
of nucleation in this mechanism is an increasing function
of the amount of the existing filamentous actin, resulting
in a positive feedback that determines the autocatalytic
character of the process.
Over the past decade, experimental studies have identified
reactions involved in actin dendritic nucleation (5–7,10,11).
A likely structure of the dendritic nucleation pathway (7,10)
includes three major steps (Fig. 1). First, Arp2/3 is biochemi-
cally activated by forming a ternary complex with a nucle-
ating promoting factor (NPF) and an actin monomer.
NPFs, such as proteins of the WASp/Scar family, can bind
both Arp2/3 and actin monomers, and therefore act as adap-
tors in bringing the partners together (2,7,12). Experiments
with NPF immobilized on beads indicate that NPFs eventu-
ally recycle after nucleation. The second step in the pathway
is binding of the ternary complex to a preexisting filament.Submitted March 16, 2010, and accepted for publication May 4, 2010.
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0006-3495/10/08/0708/8 $2.00This binding event could be viewed as a nucleation step,
but a lack of correlation between the affinities of NPF
mutants for actin and Arp2/3 and their ability to activate
actin nucleation led researchers to believe that nucleation
must involve a further activation step subsequent to binding
(step 3). In a recent study (9), tomographic reconstruction of
the branch junction revealed significant conformational
changes in both the Arp2/3 complex and the mother filament.
It is conceivable that these changes occur during the final
activation step after the binding event.
Direct biochemical measurements have been used to
characterize reactions involved in the dendritic nucleation
pathway. Both equilibrium and kinetic reaction constants
were measured for the binding of NPF to actin and Arp2/3
(7,10). In a recent study (10), measurements using spectro-
scopic assays with pyrene-labeled Arp2/3 showed that the
binding of Arp2/3 to actin filaments is extremely slow and
only weakly affected by NPF bound to Arp2/3. However,
even with pyrene-labeled Arp2/3, it has proved challenging
to measure rate constants for the reaction between the actin
filament and the ternary complex consisting of Arp2/3,
NPF, and actin monomer because of possible indirect effects
of other reactions in the system. Given these challenges, it is
not uncommon to employ modeling analyses of F-actin
dynamics to constrain the rate constants of the reactions
involved in the network (5,10,11,13–15). A critical issue for
the success of this approach is whether the available data
are sufficient to enable unambiguous determination of the
reaction parameters, and if not, what additional information
is needed for conclusive parameterization of the pathway.
In this study, we analyze experimental data obtained
with pyrene-labeled actin assays (5,10,11). The idea is todoi: 10.1016/j.bpj.2010.05.007
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FIGURE 1 Reaction scheme of the actin dendritic nucleation pathway
(notation: C, ternary complex; Cbound, complex bound to a filament; E,
barbed end).
TABLE 1 Experimental conditions in previous studies
(5,10,11)
Data source
Beltzner
and Pollard (10)
Mullins
et al. (5)
Pantaloni
et al. (11)
Initial concentration
of actin monomers
4 mM 5.3 mM 2.5 mM
Concentration of NPF 1 mM (VCA) N/A 0.6 mM (WA)
Preformed seeds N/A Used in assays N/A for results
of Table 2 C
Pathway Parameterization 709determine whether the data are consistent with the presence
of a rate-limiting step in the network. This step is much
slower than other reactions in the pathway and thus deter-
mines its overall timescale. The approach allows for analyt-
ical description of the actin polymerization kinetics under
various conditions and provides insights into the characteris-
tics of fluorescence curves that would manifest the presence
of a particular rate-limiting step. Note that the pathway
involves binary reactions, and therefore the experimental
conditions, such as the initial concentrations of the compo-
nents, may determine which reaction will be rate-limiting
(this can be used to measure the rate constants of an indi-
vidual reaction step by arranging the conditions in which
the reaction becomes rate-limiting). It is also important to
bear in mind that in such pathways, different reactions can
be rate-limiting at different stages of the process.
We found that the data obtained in the experiments with
the pyrene-labeled actin assays are described equally well
by two possible rate-limiting steps: the binding of the ternary
complex to an actin filament (step 2) or the subsequent
activation (step 3). Therefore, constraining parameters of
the dendritic nucleation pathway by these data is inconclu-
sive. To distinguish between the possibilities, we propose
experiments with varying initial concentrations of actin
monomers. The experiments need to be performed under
conditions that can accommodate the spontaneous formation
of aster-like actin structures, which were recently observed
(16,17) and analyzed (17,18). For these conditions, the two
limiting steps will result in qualitatively different depen-
dences of F-actin density on the initial concentration of actin
monomers.
A comparative analysis of the data obtained with and
without NPFs allowed us to quantify the effect of NPF on
the kinetic parameters of the pathway. We also show that
the results of Pantaloni et al. (11), which were previously in-
terpreted as evidence of the barbed-end nucleation, can be
explained equally well within the paradigm of the side-
branching mechanism.MATERIALS AND METHODS
Experimental data
We analyzed three published data sets for polymerized actin as a function of
time (5,10,11). All three studies used similar pyrene-labeled actin assays;
however, there were important differences in the experimental conditions,
as summarized in Table 1.
Note that the initial monomer concentration used by Pantaloni et al. (11) is
significantly lower than those used by Mullins et al. (5) and Beltzner and
Pollard (10). As a result, the rates of spontaneous filament nucleation
from monomers vary significantly, as is evident from the dynamics in the
absence of Arp2/3 (see Fig. 5 A in Beltzner and Pollard (10), Fig. 1 A in
Pantaloni et al. (11), and Fig. 2 A in Mullins et al. (5)). Also, the data in
the original study by Mullins et al. (5) were obtained in the absence of nucle-
ation-promoting factors (but using preformed gelsolin-actin dimers and
elevated Arp2/3 concentrations), in contrast to the later studies by Pantaloni
et al. (11) and Beltzner and Pollard (10).
The data sets subjected to analysis are shown in Table 2. They were
obtained by scanning the published plots for times corresponding to selected
levels of the polymerized actin. The autocatalytic processes in these exper-
iments turn on relatively early because of the sufficiently high levels of
Arp2/3, allowing for a simplified description of spontaneous nucleation of
filaments from monomers (see next section for details).Model
The experimental data were analyzed using a well-mixed model formulated
in terms of time-dependent concentrations of Arp2/3, A; actin monomers, G;
polymerized actin, F; free ternary monomer complex, C; ternary complex
bound to the filament, Cbound; and growing (barbed) ends, E. The pathway
of Fig. 1 then translates into the following set of rate equations:
vtG ¼ Jcomplex on þ Jcomplex off  Jpolymerization;
vtC ¼ Jcomplex on  Jcomplex off  Jbinding;
vtCbound ¼ Jbinding  Jactivation;
vtE ¼ Jactivation:
(1)
These are supplemented by the mass conservation relationships
A ¼ A0  C Cbound  E and F ¼ G0  G Cþ F0, where G0, A0, and
F0 are the initial concentrations of actin monomers, Arp2/3, and F-actin,
respectively, and F0 ¼ E0L0, where E0 is the concentration of seed filaments
and L0 is their average length in units of a monomer length dz 2.5 nm. The
reaction rates on the right-hand side of Eq. 1 are modeled as described
below.
In the absence of NPF, the rate of formation of the Arp2/3-actin monomer
complex, Jcomplex_on, is governed by mass-action kinetics, Jcomplex on ¼
konGA. Because the nucleation-promoting factors facilitate interactions
between Arp2/3 and actin monomers, one can use the same kinetic law,
but with an effective kon, to approximate the formation of a ternary complex
in the presence of NPF. In this description, the NPF concentration does not
enter Eq. 1 explicitly. The approximation is satisfactory for sufficiently large
concentrations of NPF, such as those used in the experiments (see Support-
ing Material for quantitative justification).Biophysical Journal 99(3) 708–715
TABLE 2 Experimental data sets: polymerization time
(in seconds) of particular amounts of actin in the presence
of speciﬁed concentrations of Arp2/3
A. Beltzner and Pollard (10)
[Arp2/3], mM
F-actin levels, mM
0 0.5 1.0 2.0 3.0 3.5 3.8 3.81
0.01 Time in seconds 0 193 257 386 514 629 871 1000
0.02 0 179 229 321 400 471 586 1000
0.05 0 171 207 264 321 357 414 500
0.1 0 143 171 214 250 275 328 500
B. Mullins et al. (5)
[Arp2/3], mM
F-actin levels, mM
0 1.0 2.0 3.0 4.0 5.0 5.2
0.15 Time in seconds 0 194 306 435 620 1101 2500
0.58 0 156 241 333 444 769 2500
2.3 0 133 185 231 296 417 2500
C. Pantaloni et al. (11)
[Arp2/3], mM
F-actin levels, mM
0 0.2 0.51 1.01 1.51 2.0 2.2 2.3 2.37
0.0071 Time in seconds 0 328 409 489 569 696 803 910 1300
0.0143 0 269 319 370 420 504 555 613 1000
0.0285 0 193 227 260 298 344 370 395 1000
710 Kraikivski and SlepchenkoIf binding of the ternary complex to actin filaments is slow, formation
of the complex is counterbalanced by its decay, Jcomplex off ¼ koffC. Other
reaction steps in the pathway can be modeled as irreversible because the
reverse reactions, which are likely to be slow (7), can be ignored for rela-
tively short times during which the pool of actin monomers is exhausted
(the effects of actin hydrolysis, depolymerization, and debranching can
also be neglected on this timescale). Again, the kinetic law of mass
action yields Jbinding ¼ kbindCðF Cbound  EÞ, Jactivation ¼ kactCbound, and
Jpolymerization ¼ kpGE. Note that according to a side-branching mechanism,
Jbinding is assumed to be proportional to the number of free binding sites
on the filaments.
Spontaneous nucleation of filaments from monomers is taken into account
through a nonzero initial concentration of growing ends, Eð0Þ ¼ E0. In this
interpretation, E0 includes an equivalent number of seeds that are spontane-
ously nucleated from monomers. The approximation is reasonably accurate
when applied to experiments with sufficiently large amounts of Arp2/3. In
such experiments, the number of spontaneously nucleated seeds stabilizes
quickly, as free monomers are rapidly consumed by a large number of
growing ends nucleated by Arp2/3. Results obtained with this approxima-
tion compare well with values yielded by a more detailed description of
the spontaneous nucleation of seeds from monomers.Methods
The results shown in Figs. 2–5 were obtained by solving Eq. 1 numerically.
The model was implemented in VCell (22,23) and solved with IDA solver
(variable order, variable time step), with a minimum integration time step
of 104 s and the relative error tolerance set at 1e-9. The VCell model
and simulation results can be accessed by logging into VCell (www.vcell.
org) and going to the shared (public) math models: the models Actin_Poly-
merization and NPF_ARP2/3_Actin are in the pavelkr folder. In the model,
the initial concentrations of actin monomers and Arp2/3, G0 and A0, were the
same as in the experiments, whereas the initial values of C and Cbound were
set to zero. The results in Figs. 2–4 were obtained with L0 ¼ 10 (in units of
monomer length). Simulations were performed with end times of ~103 s,Biophysical Journal 99(3) 708–715with the outputs stored at 10-s intervals. Optimal fits were found by
executing multiple runs with varying rate constants of a rate-limiting step
and E0. By assumption, the parameters of other reactions were sufficiently
large and therefore had little effect on the simulation output.
Distributions of polymerized actin in a two-dimensional (2D) aster
(Fig. 6) were simulated stochastically. The spatial stochastic simulations
were performed as described previously (18), using transition probability
rates for the following events: polymerization step (binding of a monomer
to a barbed end of the filament), formation of a ternary complex, binding
of the ternary complex to an actin filament, and subsequent activation of
the ternary complex. These probability rates directly relate to the determin-
istic reaction rates in Eq. 1.
Actin filaments were modeled as 2D vectors with origins fixed at the posi-
tions of the activated ternary complexes. Bound complexes were simulated
as point-like particles. In a realization of the binding event, the site of
binding of the ternary complex was determined by 1), randomly choosing
a preexisting filament in proportion to its length; and 2), randomly selecting
on that filament a location unoccupied by other complexes. A new filament,
generated upon activation of the bound complex, formed a 70 angle with
the mother filament. Because free molecules diffuse rapidly, we monitored
only the total numbers of free monomers, Arp2/3, and unbound ternary
complexes, without tracking their spatial locations.
All simulations were run with a fixed time step (.5 ms). In advancing the
system in time, no more than one event per time step was realized. Random
number generation was used to determine which of the four events would
occur during the time step, or whether the system would remain unchanged.
More details about the method and its validation can be found in the
Appendix to Kraikivski et al. (18) at http://www.aip.org/pubservs/epaps.
html, document No. E-PRLTAO-101-024839.
A final distribution of F-actin, obtained upon depletion of monomers, was
visualized in the following way: The simulated area was partitioned into
2.5  107 square subvolumes with a linear size of 10 monomer lengths.
Each subvolume was assigned a value equal to the number of filaments
that crossed it (our tests showed that this is a sufficiently accurate method
to measure local amounts of F-actin). As a result, the F-actin distribution
was mapped to a 5000  5000 matrix with matrix indexes corresponding
to an x-y grid. Standard MATLAB (The MathWorks, Natick, MA) image
functions were then used to convert the matrix into a grayscale image.
As in the analysis of real experiments, F-actin densities in the aster were
characterized by the fluorescence intensities (pixel values) of the image. The
latter, measured in arbitrary units (a.u.) using ImageJ software, were propor-
tional to simulated amounts of F-actin, with one unit representing 2.4  104
monomers. After all the data were normalized by a maximum pixel value
255 a.u., the average F-actin densities (in mm2) were obtained for areas
shown in the snapshots of Fig. 6 and plotted as functions of the initial
concentration of monomers. The areas were delineated with the use of
Photoshop, first by applying the Gaussian filter with a 3.5-pixel radius to
blur the image, and then by thresholding it with a cutoff set at 10 a.u.RESULTS
Pyrene-labeled actin data can be interpreted
in terms of two different rate-limiting steps
To determine whether the experimental results (Table 2)
are sufficient for unambiguous parameterization of the
nucleation pathway, we attempt to approximate the data
on the assumption that the pathway includes a rate-limiting
step.
We first analyze the results of Beltzner and Pollard (10),
which were obtained in the presence of NPF and with a rela-
tively large initial concentration of monomers (Table 1). For
these conditions, according to the biochemical studies (7,10),
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FIGURE 2 Experimental data of Beltzner and Pollard (10) are fitted well
assuming different limiting steps. Experimental results (symbols) and
numerical solutions of Eq. 1 (curves) are shown for the following Arp2/3
concentrations (Table 2 A): A0 ¼ 100 nM (squares); 50 nM (circles);
20 nM (diamonds); 10 nM (triangles). (a) Simulations of nucleation kinetics
limited by step 2: kbind ¼ 4.5  104 mM1s1, kon ¼ 0.25 mM1s1, koff ¼
kact ¼ 1 s1; E0 is a decreasing function of A0: E0 ¼ 12, 18, 40, and 48 pM
for A0¼100, 50, 20, and 10 nM, respectively; (b) simulations of nucleation
kinetics limited by step 3, kact ¼ 1.45  104 mM1s1, kon ¼ kbind ¼
0.25 mM1s1, koff ¼ 1 s1, and E0 ¼ 5.6, 6, 28, and 40 pM for A0 ¼
100, 50, 20, and 10 nM, respectively. In all simulations, kp ¼ 10 mM1s1.
Insets: Log-scale plots of Jcomplex_on, Jbinding, and Jactivation illustrate the
presence of a rate-limiting step in the simulated kinetics.
Pathway Parameterization 711the formation of the ternary complex (step 1 of the dendritic
nucleation pathway; Fig. 1) is unlikely to be rate-limiting.
Our analysis of the actin polymerization data (Table 2 A)
supports this assertion. Indeed, let us assume that step 1 is
rate-limiting. Equation 1, simplified on this assumption,
can be solved analytically (see Supporting Material for
derivation). Because binding of the complex to a filament
(step 2) is assumed to be fast, the time dependence of F-actin
is not very sensitive to E0 (so long as E0 is nonzero) and
can be approximated by a one-parameter function: F ¼
G0 tanh
2ðt=tÞ, with the characteristic time defined as
t ¼ ðkpkonG0A0=2Þ1=2. An important corollary is that for
any given F, the corresponding times should scale with the
amount of Arp2/3 asfA
1=2
0 . However, the actual times
t(F) (Table 2 A) required for polymerizing a certain amount
of actin F are described by a power law tðFÞfAaðFÞ0 with
a varying scaling exponent a(F), which for intermediate F
is between 0.24 and 0.35 (Fig. S1 in the Supporting Mate-
rial). This discrepancy indicates that no accurate fits can be
found, assuming that the pathway is limited by step 1.
We then test whether the nucleation can be limited by
binding of the complex to the side of a preexisting filament
(step 2 in Fig. 1). Assuming that all other steps in the
nucleation pathway are fast, the system of Eq. 1 can again
be solved analytically, yielding a two-parameter function:
FzG0ð1 þ expððt  t1=2Þ=tÞÞ1. Parameter t determines
the steepness of a rising segment of the curve and is pre-
dicted to scale with the amount of Arp2/3 as fA
1=2
0 :
t ¼ ððkon=koffÞkpkbindG20A0Þ1=2. Parameter t1/2 is the time
at which the polymerized actin reaches half maximum, and
it includes a waiting time that depends on the number of
seed filaments that are nucleating spontaneously frommonomers: t1=2ztlnð2G0=E0ðkonkbindA0=koffkpÞ1=2Þ (see
Supporting Material for derivation). Note that a similarly
defined polymerization half-time was used by Dueber et al.
(19) as a metric for quantifying NPF activity in N-WASP
switching assays.
Fitting the experimental data with the two-parameter
function indeed produces accurate results and yields
tfA0:510 . Numerical simulations with the full model
(Eq. 1), using parameter sets such that step 2 is by far
the slowest reaction in the pathway, yield a good fit with
kbind ¼ 4.5  104 mM1s1 (Fig. 2 a), which is similar to
the 1.5  104 mM1s1 value used by Beltzner and Pollard
(10). The concentration of spontaneously formed seeds, E0,
is found to be a decreasing function of A0. This is expected,
since the nucleation of seeds from monomers in experiments
with larger concentrations of Arp2/3 will stop at earlier
times. In these simulations and throughout the study, the
polymerization rate constant is kp ¼ 10 mM1s1 (20,21).
The remaining parameters are set to sufficiently large values,
kon ¼ 1/ (4 mM s) ¼ 0.25 mM1s1 and koff ¼ kact ¼1 s1, so
that the overall nucleation rate is limited by step 2 (inset in
Fig. 2 a). However, these parameters are not tightly con-
strained in this case, since their variations on such scales
do not affect the results in any significant way.
Thus, the data are fitted well when they are assumed to be
limited by step 2 and the corresponding binding constant is
close to the one measured with the Arp2/3 binding assays
(10). This may suggest that the ternary complex and the
unbound Arp2/3 interact with actin filaments similarly, an
assumption adopted by Beltzner and Pollard (10). However,
it is also possible that the binding of the ternary complex
to the filament is much faster but is followed by a slow
activation step. We test this possibility by solving Eq. 1
with varying kact and E0, while assigning sufficiently large
values to the parameters of other reactions: kon ¼ kbind ¼
1/(4 mM s) ¼ 0.25 mM1s1 and koff ¼ 1 s1. A reasonable
fit is found for kact ¼ 1.45  104 s1, and E0 again is
a decreasing function of A0 with values in a 10-pM range
(Fig. 2 b). The reaction rates shown in the inset of Fig. 2 b
demonstrate that step 3 is indeed rate-limiting under these
conditions. We therefore conclude that the data can be inter-
preted in terms of two different limiting steps and fitted
equally well by different parameter sets.
Analyses of the other two data sets lead to the same con-
clusion (see Figs. 3 and 4 below). Overall, the data of Table 2
are insufficient for a unique parameterization of the dendritic
nucleation pathway. In the concluding part of the Results, we
propose experiments that can distinguish between the two
alternatives.Quantifying the effect of NPF
The data of Mullins et al. (5) (Table 2 B) were obtained in
the absence of nucleation-promoting factors. This should
slow down formation of the complex, and as a result thereBiophysical Journal 99(3) 708–715
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FIGURE 3 Fitting of the data reported by Mullins et al. (5) (Table 2 B).
Experimental data (symbols) are fitted by numerical solutions (curves) ob-
tained with the following parameter sets: (a) for the nucleation limited by
step 2, kbind ¼ 4.5  104 mM1s1, kon ¼ 4.15  105 mM1s1, koff ¼
0.05 s1, and kact ¼ 1 s1; and (b) for the nucleation limited by step 3,
kact ¼1.45  104 s1, kon ¼ 1.3  105 mM1s1, koff ¼ 0, and kbind ¼
0.25 mM1s1. In both cases, E0 ¼ 0.16 nM and kp ¼ 10 mM1s1.
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FIGURE 4 Fitting of the data reported by Pantaloni et al. (11) (Table 2 C).
Experimental data (symbols) are fitted by numerical solutions (curves)
obtained with the following parameter sets: (a) for nucleation limited
by step 2, kbind ¼ 2  103 mM1s1, kon ¼ 0.25 mM1s1 and koff ¼
kact ¼1 s1, E0 ¼ 5 pM, (b) for nucleation limited by step 3, kact ¼ 3.5 
104 s1, kon ¼ kbind ¼ 0.25 mM1s1, koff ¼ 1 s1, E0 ¼ 2.5 pM. In
both cases, kp ¼ 10 mM1s1.
712 Kraikivski and Slepchenkomay be two slow steps in the pathway. We first explore
a scenario in which these steps are the formation of the
Arp2/3-actin monomer complex (step 1) and its binding
to the actin filament (step 2). For sufficiently large Arp2/3
concentrations, an approximate analytical solution yields
FzG0ð1  expððt=tÞ4Þ with tfA1=40 (see Supporting
Material for derivation). The times tðFÞ corresponding to
intermediate levels of F-actin in Table 2 B indeed scale
with A0 as tðFÞfAaðFÞ0 , with a(F) in the tight interval
(0.18, 0.27) covering the predicted value 0.25 (Fig. S2). It
is easy to verify that fitting the data with the analytically
derived formula (which, as expected, is more accurate for
larger concentrations of Arp2/3 (2.3 and 0.58 mM)) yields
tfA0:210 .
Fitting with the full model of Eq. 1 is achieved by using
the binding-limited parameter set described in the previous
section with the appropriately modified rate constants of
step 1 and E0. The results in Fig. 3 a were obtained with
kon ¼ 4.15  105 mM1s1 and koff ¼ 0.05 s1, and the
value kbind ¼ 4.5  104 mM1s1 is the same as before.
All curves are computed with E0 ¼ 0.16 nM, which in this
case is relatively large, likely due to the amount of seeds
polymerized from preformed actin dimers that were present
in the assays (5). It is tempting to estimate the effect of
NPFs on the binding of Arp2/3 and actin monomers by
comparing the kon values used in the fitting of the experi-
ments with and without NPF. However, the value kon ¼
0.25 mM1s1 (Fig. 2 a) is not constrained by the data ob-
tained in the presence of NPF. In fact, it had to be reduced
to <0.0025 mM1s1 or by more than two orders of magni-
tude to produce noticeable changes in the simulation output.
Also, NPF may impact not only kon but also kbind. Indeed,
numerical experiments indicate that the data constrain the
product, kon  kbind, and not the individual rate constants.
Taking this into account, a comparative analysis of the
data in Table 2, A and B, yields roughly a 50-fold combined
effect of NPF on the product of the forward rate constants of
the slow steps, kon  kbind.Biophysical Journal 99(3) 708–715Next we examine the possibility that the pathway is
limited by steps 1 and 3, whereas the binding of the complex
to a filament is fast. Accordingly, changes in the rate con-
stants of step 1 and E0 are now made in the activation-limited
parameter set described in the previous section. Because the
irreversible binding in step 2 is fast, the decay of the complex
in step 1 is likely to have little effect, so we set koff to zero.
Multiple solutions are then found, as the data again constrain
the product kon  kact rather than individual kon and kact.
The solution shown in Fig. 3 b is obtained with kon ¼ 1.3 
105 mM1s1, and E0 ¼ 0.16 nM, whereas kact has the same
value 1.45  104 s1 as in the previous section.The results of Pantaloni et al. are consistent
with a side-branching mechanism
In the experiments of Pantaloni et al. (11), the assays
included NPFs but the concentration of actin monomers
was low (Table 1). The authors interpreted their results in
favor of the barbed-end branching mechanism, whereby
the ternary complex presumably binds to the tips of the fila-
ments rather than to their sides. Their main argument was
that the results of experiments with preformed filaments
are essentially independent of seed lengths (see Fig. 2 f in
Pantaloni et al. (11)). In this section, we show that these
experimental results can also be explained on the basis of
a side-branching mechanism.
Like the previous data sets, the results of Table 2 C can be
interpreted as being limited by either step 2 or step 3. The fit
in Fig. 4 a is obtained using a binding-limited parameter
set with kbind ¼ 2  103 mM1s1 and E0 ¼ 5 pM. The
relatively small value of E0 is not surprising given the low
concentration of actin monomers in the assays. This also
scales down the dependence of E0 on A0, which is probably
why the data in this case could be fitted with a single value
of E0. The parameters of fast reactions are the same as in
Fig. 2 a. Alternatively, the data can be fitted with an
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FIGURE 5 Simulation of side branching nucleation in the presence of
preformed seeds yields F-actin dynamics that are largely independent of
seed lengths. As in the experiments by Pantaloni et al. (11), 25 pM of pre-
formed seeds with the specified lengths were added to 5 pM of 25-nm seeds
spontaneously nucleated from monomers. The model (Eq. 1) assumed the
side branching nucleation limited by binding of the nucleating complex to
a filament (step 2). The following parameters were used in the simulations:
G0 ¼ 2.5 mM, A0 ¼ 17 nM, kp ¼ 10 mM1s1, kbind ¼ 2  103 mM1s1,
kon ¼ 0.25 mM1s1, and kact ¼ koff ¼ 1 s1. Parameters E0 and L0 (in units
of the monomer length) were E0 ¼ 5 pM and L0 ¼ 10, for no preformed
seeds; E0 ¼ 30 pM and L0 ¼ 15, for preformed seeds of length L ¼
0.04 mm; E0 ¼ 30 pM and L0 ¼ 335, for L ¼ 1 mm; and E0 ¼ 30 pM and
L0 ¼ 668, for L ¼ 2 mm.
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FIGURE 6 Spatial stochastic simulations of actin asters yield qualitatively
different dependences of F-actin density on the initial G-actin concentration
for two rate-limiting steps: (a) binding of the nucleation complex to a fila-
ment, kbind ¼ 4.5  104 mM1s1, kon ¼ 0.25 mM1s1, koff ¼ kact ¼
1 s1, E0 ¼ 12 pM; and (b) activation of the bound complex, kact ¼ 1.7 
104 s1, kbind ¼ kon ¼ 0.25 mM1s1, koff ¼ 1 s1, E0 ¼ 5.6 pM. In
both cases, A0 ¼ 0.1 mM, kp ¼ 10 mM1s1 and L0 ¼ 25 nm. The snapshots
demonstrate simulated distributions of F-actin in the aster obtained upon
depletion of monomers. The corresponding average densities measured for
the delineated areas (see Materials and Methods for details) are plotted as
functions of the initial monomer concentration.
Pathway Parameterization 713activation-limited parameter set. Fig. 4 b illustrates results
obtained with kact ¼ 3.5  104 s1 and E0 ¼ 2.5 pM; the
fast parameters are the same as in the legend of Fig. 2 b.
The estimates of reaction rate constants, as described
here and in preceding sections regarding the assumption of
various rate-limiting steps, are summarized in Table 3.
We now analyze the experiments with preformed seeds
that were done with the same seed number density (25 pM)
but different seed lengths (0.04, 1, and 2 mm; see Fig. 2 f
of Pantaloni et al. (11)). The fact that the dynamics of the
polymerized actin in the experiments were essentially inde-
pendent of the seed length was interpreted as evidence in
favor of the barbed-end nucleation. However, the side-
branching mechanism limited by activation (step 3) is also
insensitive to the seed length and therefore would yield
similar results. Of interest, even if the side nucleation were
limited by step 2, the results would not be sensitive to the
seed length either, given the conditions of the experiment.
Indeed, the expected length dependence is obscured by the
high density of the seed filaments used in the experiments.
The initial dynamics of F-actin under these conditions are
dominated by polymerization at the barbed ends and
therefore differ only slightly for varying seed lengths. Conse-
quently, there are similar amounts of F-actin when the
Arp2/3-mediated nucleation comes into effect, resulting in
similar dynamics overall. We illustrate this effect by simu-
lating the experiment of Pantaloni et al. (11) with the
binding-limited parameter set as above, except for E0, which
is set at 30 pM to account for the presence of seed filaments.
The results in Fig. 5 are qualitatively similar to those in their
Fig. 2 f. Thus, the findings of Pantaloni et al. are consistent
with the side-branching mechanism.How to distinguish between the two possible
rate-limiting steps
We have shown that all three data sets (Table 2) can be inter-
preted assuming that the Arp2/3-mediated nucleation is
limited either by binding of the ternary complex to a filamentBiophysical Journal 99(3) 708–715
TABLE 3 Constraints for reaction rate constants obtained from ﬁtting experimental data on assumption of various rate-limiting steps
Data source Rate-limiting steps Beltzner and Pollard (10) Mullins et al. (5) Pantaloni et al. (11)
Step 2 kbind ¼ 4.5  104 mM1s1 kbind ¼ 2  103 mM1s1
Steps 1 and 2 (no NPF) kon  kbind ¼ 2.0  108 (mM s)2
Step 3 kact ¼ 1.45  104 s1 kact ¼ 3.5  104 s1
Steps 1 and 3 (no NPF) kact  kon ¼ 2.0  109 mM1s2
714 Kraikivski and Slepchenko(step 2) or by subsequent activation (step 3). The question
then arises as to how the two possible rate-limiting steps
can be distinguished experimentally.
Recently, spontaneous formation of diffuse aster-like
structures was observed in the experiments with bulk poly-
merization of actin in the presence of Arp2/3 and NPF
(16,17). Simple analytical estimates indicate that the average
density of F-actin in asters, measured as fluorescence inten-
sity per unit area (volume), depends differently on the initial
monomer concentration for the two rate-limiting steps.
Indeed, when this density is measured soon after the pool
of monomers is exhausted, it is proportional to G0 and
inversely proportional to the aster area (volume):
I  G0=RdN, where RN is the final linear size of the aster
and d is the aster dimension (d ¼ 2, for a quasi-2D aster,
and d ¼ 3 for a 3D aster). The final aster size can be esti-
mated as RN ¼ d kp
RN
0
GðtÞdt. The integral in this equation
is  G0t, where t is the characteristic time of the process.
For the nucleation limited by step 2, t  1=G0 (see Support-
ing Material), and therefore RN is independent of G0. The
average density of F-actin in the aster is then an increasing
function of the initial monomer concentration. For the activa-
tion-limited case with A0 < G0, the number of branches do
not strongly depend on G0 and the linear size of the aster
grows roughly in proportion to G0. Therefore, the aster
density in this case, I  Gðd1Þ0 , is a decreasing function
of the initial concentration of monomers.
To test these analytical predictions, we performed spatial
stochastic simulations of aster formation as described in
Materials and Methods. The results presented in Fig. 6
were obtained for A0 ¼ 0.1 mM and three different initial
concentrations of monomers (G0 ¼ 2, 4, and 8 mM) with
the parameters used in fitting the data by Beltzner and Pollard
(10). The snapshots in Fig. 6 represent simulated distribu-
tions of actin filaments in the aster obtained upon depletion
of the monomers. The average F-actin densities in the delin-
eated areas are plotted as functions of the initial concentra-
tion of monomers. Consistent with the predictions, the aster
size in the case of the binding-limited nucleation depends
weakly on G0, yielding an increasing F-actin density in the
aster (Fig. 6 a). In contrast, if the nucleation is limited by
the activation step, the aster size grows rapidly with G0,
resulting in a decreasing average F-actin density (Fig. 6 b).
These results indicate that the rate-limiting step in the
dendritic nucleation pathway can be identified by a series
of experiments as described previously (16,17), performedBiophysical Journal 99(3) 708–715with varying initial concentrations of monomers and a fixed
concentration of Arp2/3. The readout is the average F-actin
density in the aster soon after the monomer pool is ex-
hausted, measured as a function of G0. The rate-limiting
step can then be determined depending on whether this
function is increasing or decreasing.DISCUSSION
Recent advances in experimental techniques are enabling
researchers to decipher the topologies of the protein interac-
tion networks that underlie various cell functions, and laying
the groundwork for achieving a quantitative description of
reaction pathways. However, direct experimental determina-
tion of rate constants is not always feasible, particularly
in vivo. Reaction parameters are often inferred from multiple
pieces of information about the dynamics of the system as
a whole, using kinetic analyses based on appropriate mathe-
matical models. A key issue with this approach is whether
the available experimental data are sufficient for a unique
parameterization of the network, and if not, what additional
experimental measurements are required.
In this study, we address these questions in the context
of actin dendritic nucleation, a mechanism that enables
cells to change their shape and migrate. In extensive experi-
mental studies of the Arp2/3-mediated nucleation pathway
(5,7,10,11), individual reaction rates and overall polymeriza-
tion kinetics of pyrene-labeled actin were measured. How-
ever, as we have shown here, even this information may
not be sufficient to achieve a unique parameterization of
the pathway. Specifically, we found that the data can be
interpreted in terms of different rate-limiting steps, i.e.,
binding of the Arp2/3-NPF-monomer complex to a preexist-
ing filament or subsequent activation. As a result, different
parameter sets can describe the data equally well.
To distinguish between the two possibilities, we propose to
take advantage of the fact that the rate of nucleation limited
by the activation step is largely independent of the initial
concentration of monomers G0, whereas the nucleation
limited by binding of the nucleating complex to a filament
occurs faster for larger G0. This yields qualitatively different
dependences of the average F-actin density on the initial
monomer concentration: an increasing one for the binding-
limited nucleation, and a decreasing one if the nucleation is
limited by the activation. One can measure the F-actin density
using a previously described experimental setup in which
aster-like structures of actin meshwork were observed (16).
Pathway Parameterization 715The results of actin polymerization without NPF (5) are
consistent with the presence of two slow steps in the nucle-
ation pathway, one of which is the formation of the Arp2/3-
actin monomer complex. In this case, the data constrain the
product of the on-rate constants for the slow steps, rather
than the individual parameters. A comparison of the results
obtained with and without NPF yields a 50-fold combined
effect of NPF on the product of the limiting rate constants.
Another byproduct of this study is the finding that the side-
branching mechanism results in polymerization dynamics
that are largely insensitive to the lengths of the preformed
seeds if the seed number density is sufficiently large (tens
of picomolars). Therefore, the results of Pantaloni et al.
(11), which were previously interpreted as evidence of
barbed-end nucleation, are also consistent with the side-
branching mechanism.
Finally, our study demonstrates that quantitative identifi-
cation of a protein-interaction network, even for a simply
connected pathway characterized by a wealth of experi-
mental data, may not be an easy task. Parameter optimization
can produce misleading results unless it is accompanied by a
rigorous analysis of the sufficiency of the available data for
a unique parameterization of the network. The latter is a
nontrivial problem that can be tackled by applying the
concept of a rate-limiting step, as was done in this work.SUPPORTING MATERIAL
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